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The cycling of carbon between organic
and inorganic forms controls levels of

O2 in the global environment. Through
its relationships to CO2 and CH4, both
greenhouse gases, the carbon cycle also
influences climate. For such reasons, geo-
scientists are broadly interested in under-
standing processes within the carbon
cycle, both now and in ancient times.
Microbial catalysis is pervasive, so organic
geochemists—who once focused largely
on petroleum—are taking a great interest
in recognizing and interpreting molecular
fossils, or ‘‘biomarkers,’’ that reflect the
presence and activities of specific micro-
organisms. As they search, they occasion-
ally come across products that surprise
everyone. The report by Stefan Schouten
et al. in this issue of PNAS is a recent and
particularly interesting example (1). By
using a new technique applicable to lipids
containing as many as 86 carbon atoms,
they found molecules that expand the
range of known microbial products. More-
over, they have discovered some carbon
skeletons in which archaeal and bacterial
structural elements are combined.

This work is intriguing because biomar-
kers are in some cases very specific to a
particular microorganism. A few species
of haptophyte algae, for example, produce
methyl ketones with 37 carbon atoms and
2, 3, or 4 double bonds (2). These alk-
enones can comprise up to 5% by weight
of the biomass, and the number of double
bonds varies systematically with the tem-
perature of growth (3). Fortunately for
geochemists, the alkenones are relatively
resistant to biodegradation. Reaching the
sea floor in pelletal debris, they are in-
corporated into sediments. When a core is
raised from the sea floor and its lipids
extracted and analyzed, the abundance of
alkenones at each depth within the core
indicates the extent to which conditions
favored haptophyte algae, and the degree
of unsaturation provides a quantitative
estimate of sea-surface temperature. Such
data usefully supplement other lines of
paleoclimatic evidence. Less specific but
still useful biomarkers exist for many eu-
karyotic microbes.

The last acts within the carbon cycle—
those in which carbon is either locked in a
sedimentary prison for a geological term
or retained as a participant in the surface
mêlée—determine the chemical balances
that control our environment. The condi-
tions for this part of the drama are com-
monly anaerobic. The actors, whose roles
we would like to understand in detail, are
prokaryotes from the bacterial and ar-
chaeal domains. The bacteria, in particu-
lar, seem almost to have designed their
lipids to provide anonymity. Apart from
the hopanoids (4), bacterial products that
are both distinctive and preservable are
rare. By default, attention falls on details
of the common lipids, the fatty acids and
related products. Pertinent examples are
shown in Fig. 1.

The structures shown are all based
on glycerol. To it long-chain aliphatic
moieties are attached by ester or ether
links (respectively, structure A and struc-
tures B–F). For decades, such a general-
ized display would have included only
structure A, a ubiquitous product of both
eukaryotes and bacteria. That example
shows, at the left and right, two fatty acyl
diglycerides. In the functional natural
product, a polar ‘‘head group’’ would be
attached to the third OH group on each
glycerol. A represents the basic motif of a
‘‘lipid bilayer’’ membrane. With their po-
lar hydrophilic surfaces and nonpolar hy-

See companion article on page 14421.
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Fig. 1. Representative structures of microbial membrane lipids. R, polar head group, typically bearing
both positive and negative charges.
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drophobic interiors, such membranes,
pierced by proteins that regulate the trans-
mission of specific reactants, functionally
define the boundaries of cells. Such di-
glycerides provide useful information
about the composition of microbial com-
munities only when they happen to include
fatty acids more distinctive than the
common-as-dirt linear C16 species shown
in structure A.

Interesting and potentially informative
variety came on the scene when it was
discovered that members of the other
prokaryotic domain, the archaea, had
glycerol-based lipids with ether linkages
and isoprenoidal aliphatic substituents
(5). Examples are structures B and C.
Individual products become distinctive
when their biosyntheses incorporate spe-
cific substitutions. Some methanogenic ar-
chaea in the order Methanosarcinales, for
example, produce hydroxyarchaeol, a
glycerol diether like either half of B except
that the methyl-branched carbon position
nearest the middle O of the glycerol bears
an OH group. Finding hydroxyarchaeol in
sediments near a methane seep in the Eel
River Basin, offshore of northern Califor-
nia, and noting in addition that its natural
content of 13C was particularly low, Hin-
richs and coworkers at the Woods Hole
Oceanographic Institution and Monterey
Bay Aquarium Research Institute

(MBARI) were able to refine the identifi-
cation of the archaeon that mediates the
first step in the anaerobic oxidation of
methane (6).

More recently, the Woods Hole–MBARI
team has found additional ether-linked
lipids that are depleted in 13C and thus
also produced by organisms involved in
the recycling of methane. But in these (D),
the alkyl chains are linear and methyl
branched and thus typical of bacteria
rather than archaea (7). The first report of
glycerol diethers in bacteria appeared in
1983 (8). The organisms were thermo-
philic sulfate reducers. Subsequent find-
ings have also been in thermophiles (9,
10). All are from deeply branching lin-
eages on the bacterial side of the phylo-
genetic tree, relatively close to the ar-
chaea. Eel River bacterial ethers do
indeed seem to come from sulfate reduc-
ers (which oxidize products from the
methane-consuming archaea). Their
placement in a deeply branching lineage
may be suggested by their involvement
with archaea in the recycling of methane.
But they thrive at 4°C and are hardly strict
thermophiles.

Molecules like C sidestep the require-
ment for formation of a bilayer. The left
and right sides are connected by chemical
bonds. The resulting single molecule is a
cyclic tetraether. With formulas like

C86H172O6, such compounds are not ame-
nable to gas chromatographic separation
and have been studied mostly after cleav-
age of the ether links. The group with
which Schouten is associated at the Neth-
erlands Institute for Sea Research (NIOZ)
has, however, successfully used liquid
chromatography with mass spectrometry
for the analysis of intact tetraethers (11).
The present report (1) definitively extends
the roster of bacterial (as opposed to
archaeal) products to include cyclic tet-
raethers (E) and provides new informa-
tion on archaeal products. Most notably,
some of the molecules combine archaeal
and bacterial characteristics. In tet-
raethers like F, one-half of each hydrocar-
bon chain is isoprenoidal, whereas the
other half looks like the alkyl portion of a
common bacterial fatty acid.

We are discussing molecules from mud,
not from organisms. But the NIOZ team
shows that these molecules are very widely
distributed and regular in their structure.
They are undoubtedly microbial products
and must point to a group of organisms of
great phylogenetic interest. Can the pro-
ducer(s) of structures like F be isolated
and grown? Can the sequences of their
16S rRNAs at least be identified in gene
libraries? Will they prove to be bacteria,
archaea, or perhaps even something else?
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